MS2 is an RNA bacteriophage (3569 bases). The secondary structure of the RNA has been determined, and is known to play an important role in regulating translation. Paired regions of the genome have a higher G+C content than unpaired regions. It has been suggested that this reflects selection for high G+C content to encourage pairing, but a re-analysis of the data together with computer simulation suggest that it is an automatic consequence in any RNA sequence of the way it folds up to minimise its free energy. It has also been suggested that the three registers in which pairing can occur in a coding region are used differentially to optimise the use of the redundancy of the genetic code, but re-analysis of the data shows only weak statistical support for this hypothesis.
INTRODUCTION
MS2 is an RNA bacteriophage. The complete genome of 3569 bases has been sequenced (1) and contains four genes (2) : for the maturation protein (bases 130 to 1308), coat protein (bases 1335 to 1724), replicase (bases 1761 to 3395) and the lysis protein (bases 1678 to 1902). The lysis protein gene overlaps the 3' end of the coat protein gene and the 5' end of the replicase gene in a different reading frame.
The secondary structure of MS2 RNA has been determined by Fiers and his co-workers (1) . It plays an important role in regulating translation (2, 3) , affecting both the relative amounts of the gene products produced and the timing of their production. It is therefore of interest to consider how selection has operated to maintain the optimal secondary structure.
Hasegawa et al. (4) observed that in base-paired regions of MS2 RNA there is a bias in the use of synonymous codons which favours C/G over U/A in the third codon position, while the opposite is true in unpaired regions. They interpreted this as the result of a selective constraint to stabilise the optimal secondary structure, but they could not exclude the alternative explanation that it is an automatic consequence of the way in which any RNA sequence folds up to minimise its free energy.
Fitch (5) observed that pairing in a paired section of RNA can occur in three registers (see Fig. 1 ) which have different potentialities for facilitating base pairing by utilising the degeneracy of the genetic code. He therefore suggested that selection for secondary structure would lead to differential use of these registers, and he presented evidence suggesting that this might be true for the MS2 coat protein gene, which was the only part of the genome sequenced at the time.
I shall here re-examine the data on MS2 RNA secondary structure in the light of these ideas to determine what the statistical properties of codon usage reveal about how selection operates on secondary structure. (1) to classify all the sites in the complete nucleotide sequence as paired or unpaired, and they present a table of codon usage in the coding region broken down by whether the base in the third position of the codon is paired or not. They find that there is a substantial bias in the third codon position towards the use of C/G over U/A in paired as compared with unpaired sites. After excluding the nondegenerate codons for methionine and tryptophan, the usage of C or G in the third position is 62% in paired sites compared with 34% in unpaired sites ( Table 2 in (4)). There are two explanations of this striking fact. The one preferred by Hasegawa et al. (4) is 'that the present day secondary structure of MS2 RNA was the best among other alternative structures and that evolution has proceeded so as to stabilise this structure through biasing the codon usage'. The other explanation, which Occam's razor leads me to prefer, is that any RNA sequence when it folds up in a stable secondary structure with minimum free energy will tend to accumulate C/G bases in paired sites since the creation of a C.G bond leads to a larger free energy loss than that of an A.U bond. These explanations are not mutually exclusive, but it seems unnecessary to invoke the first in addition to the second without additional evidence.
It is possible to test the theory that synonymous codon usage has been biased to determine secondary structure by repeating the calculation for non-synonymous first and second position sites. If this theory is true then non-synonymous paired sites should show a smaller excess of G+C over unpaired sites than synonymous sites. If the effect is only the automatic consequence of folding into the most stable secondary structure, there should be no difference between synonymous and non-synonymous sites. The results are shown in Table  1 . (Throughout this paper the lysis protein gene and the overlapping parts of the coat protein and replicase genes have been excluded from the analysis.) The difference in G+C content Table 2 . Statistical analysis of data in Table 1 Item Pairing status Position Interaction between paired and unpaired sites is least in non-synonymous positions (first and second rows) and greatest in non-coding regions (last row) with synonymous positions (third and fourth rows) intermediate. This effect is in the direction predicted by the theory of Hasegawa et al. (4) , but it is very weak and is not statistically significant, as shown by the absence of a significant interaction term in the statistical analysis shown in Table 2 . (This analysis was done with the statistical package GLIM using a logistic regression model.) It is concluded that the excess of G+C in paired sites can be explained as an automatic consequence of RNA assuming its most stable structure. It is not necessary to postulate that synonymous codon usage in paired segments has been biased towards G+C to maintain a stable paired structure; if it does exist this effect must be rather weak.
To test this hypothesis, I generated a 'random' sequence of 3000 bases by letting a random number generator choose 1000 codons with probabilities determined by their usage in MS2 phage. The computer program RNAFOLD of Zuker and Stiegler (6) was used to find the minimum energy folding of this sequence. Because of time limitations the sequence was divided into three subsequences of 1000 bases which were folded separately; additional computer runs (not shown here) in which the sequence was divided into shorter subsequences of 300 or 600 bases gave almost the same results.
The current version of the program RNAFOLD allows three options for the energy function to be minimised, due to Salser (7), Tinoco (unpublished) and Freier et al. (8) . Results with these three functions are shown in Table 3 for comparison with data for the coding regions of MS2 phage. The percentage of paired sites is slightly higher in MS2 phage than in the random sequences using any of the energy functions; this may reflect selection for pairing in a small part of the MS2 genome. Fitch (5) found 58% base pairing in a 'random' RNA sequence with each of the four bases equally frequent. The difference in G+C content between paired and unpaired sites is about the same in MS2 and the random sequence if the Salser energy function is used for folding the latter but is somewhat greater in MS2 than in the random sequence if either of the other two energy functions is used. It is concluded that little if any of the excess in G+C content in paired sites in MS2 is of selective origin.
USE OF THE THREE REGISTERS Fitch (5) observed that pairing in a paired coding section of RNA can occur in three registers (Fig. 1) . He suggested that selection for secondary structure would lead to selection against the 3-3 register since, by putting third position degenerate bases opposite each other, this register fails to use the degeneracy of the genetic code optimally to facilitate base pairing. He also suggested that there would be selection against the 2-2 in favour of the 1 -1 register for similar reasons since the first position is sometimes degenerate whereas the second never is. For the MS2 coat protein gene (the only part of the MS2 genome sequenced at the time) he found that of the 129 base pairs in paired coding regions the numbers in the 1-1, 2-2 and 3-3 registers were 51, 39 and 39 respectively. Though in the predicted direction, this is not statistically significant. Repeating Fitch's calculation for the whole MS2 genome (apart from the section with the overlapping lysis protein gene) gives corresponding frequencies of 338, 366 and 259. The excess of the 1-1 over the 2-2 register has been lost, but there seems to be a clear deficiency in the 3-3 register. A test for the equality of these three frequencies gives X 2 = 19.2 with 2 d.f. (P < 10-3 ). Unfortunately this statistical test is invalid because the 963 observations are not independent of each other. For example, an uninterrupted paired section of 6 base pairs has 6 observations in the same register, which should only be counted once. To avoid this problem, I broke up the paired coding region into 258 uninterrupted segments, with a break in the pairing occurring between each segment. Counting each segment once gave frequencies of 89, 96 and 73 in the three registers; the statistical test is no longer significant (x 2 = 3.23 with 2 d.f.). Further information can be obtained from the distribution of segment length within each register. The mean segment lengths in the three registers were 3.80, 3.82 and 3.55 base pairs respectively; the residual error mean square was 5.17 with 255 d.f. An analysis of variance testing whether there is any difference between these means gives an F-ratio of 0.35 with 2 and 255 d.f., which is not significant. Thus the 3-3 register is used slightly less often than the other two registers and its unbroken segment length is slightly shorter, but neither of these differences is significant.
One might also expect that selection for secondary structure would lead to degenerate bases being used more than expected at paired sites, with non-degenerate bases tending to be found in bulges or loops. The sample sizes in Table 1 show that the frequency of being paired is 67% for non-degenerate bases (first two rows) compared with 70% for degenerate bases (third and fourth rows). This small difference is in the predicted direction, but is not quite significant (P = 0.057 for a one-tailed test).
DISCUSSION
The secondary structure of MS2 RNA is known to play an important role in regulating translation (2, 3) , and must therefore be subject to strong selective constraints. Three mechanisms have been suggested which might encourage pairing in regions in which it is advantageous: (a) use of G or C rather than A or U in the third position since binding strengths are greater; (b) use of the 1 -1 register since it uses the degeneracy of the genetic code optimally (5); (c) use of degenerate (third position) bases at paired sites. But there is little evidence that any of these mechanisms is of more than marginal significance in determining the secondary structure of MS2 RNA. In particular, most if not all of the excess of G + C in paired sites (4) can be explained as an automatic consequence of RNA assuming its most stable structure rather than as a consequence of selection for secondary structure.
How can the importance of selection for secondary structure in MS2 RNA be reconciled with the weakness of evidence for mechanisms which might encourage it? First, selection for secondary structure may be confined to a small part of the genome, particularly the ribosome binding sites; much of the secondary structure of MS2 may be functionless. (But remember that secondary structure may play a role in transcription and virus assembly as well as in translation.) Second, the evolution of secondary structure at parts of the genome sensitive to selection may have been a complex and opportunistic process not following any obvious rules which can be interpreted post facto.
